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I.  Introduction 


This  contract  funds  a  comprehensive  five  year  study  of  magnetospheric  structure  and 
dynamics.  There  are  four  major  areas  of  study:  waves  and  wave  particle  interactions,  mag- 
netospheric  tail  and  substorm  dynamics,  ionosphere- magnetosphere  coupling,  and  active 
experiments.  The  first  three  areas  are  all  central  to  our  understanding  of  the  geoplasma 
environment.  Each  plays  a  critical  part  in  determining  the  pattern  of  plasma  flows  and 
currents  and  the  distribution  and  properties  of  the  plasma  and  energetic  particles  within  the 
magnetosphere-ionosphere  system.  The  last  topic,  active  experiments,  is  an  exciting  emerg¬ 
ing  field  in  space  plasmas  that  holds  much  potential.  The  major  effort  is  directed  towards  the 
analysis  of  existing  and  newly  acquired  spacecraft  data,  with  particular  emphasis  on  multi¬ 
satellite  studies,  t  he  data  analysis  is  complemented  with  theoretical  and  simulation  studies, 
the  development  and  maintenance  of  data  analysis  and  display  software  for  use  in  the  data 
analysis,  and  the  design  of  new  innovative  plasma  and  field  instruments  for  use  in  the  next 
generation  of  spacecraft.  The  overall  goal  of  the  study  is  to  provide  the  understanding  of 
the  magnetosphere-ionosphere  system  needed  to  construct  reliable  models  that  will  forecast 
the  future  state  of  the  system. 

This  report  focuses  on  four  areas  of  scientific  investigation  in  which  significant  progress 
has  been  made  during  the  second  year  of  the  contract:  electrostatic  electron  cyclotron  har¬ 
monic  emissions  observed  by  CRRES;  the  implications  of  cross  tail  plasma  gradients  on 
the  structure  of  the  auroral  zone;  ULF  waves  excited  by  storm  sudden  commencements;  and 
probing  flux  tube  plasma  content  and  distribution  using  the  observed  frequencies  of  field  line 
resonances.  Each  of  these  topics  is  made  the  subject  of  one  section  of  this  report  and  has 
or  will  result  in  the  publication  of  a  scientific  paper.  Here  we  summarize  the  main  scientific 
results  and  refer  the  reader  to  one  or  more  of  the  publications  arising  out  of  our  research  for 
fuller  details.  A  complete  list  of  publications  arising  out  of  this  research  is  contained  in  the 
last  section  of  this  report. 
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II.  Banded  Electrostatic  Emissions  Observed  by  CRRES 


Our  first  detailed  study  with  the  CRRES  plasma  wave  data  focused  on  the  banded 
electrostatic  emissions  that  occur  between  the  electron  cyclotron  frequency  and  the  plasma 
frequency  in  bands  between  multiples  of  the  cyclotron  frequency.  These  waves,  sometimes 
referred  to  as  the  n  +  ^  emissions,  are  observed,  except  for  rare  occasions,  whenever  CRRES 
is  outside  the  plasmasphere.  They  are  the  result  of  the  warm  electron  population  (10  -  100 
eV)  convected  from  the  tail  that  is  unstable  in  the  presence  of  cold  electrons.  These  waves 
were  studied  extensively  in  the  past  when  it  was  thought  that  they  were  responsible  for 
the  electron  precipitation  that  caused  the  diffuse  aurora.  It  now  appears  that  these  waves 
have  insufficient  power  to  precipitate  the  electrons,  but  in  the  absence  of  any  other  viable 
mechanism,  the  possibility  remains  that  these  waves  are  somehow  responsible.  The  CRRES 
wave  instrument  is  able  to  add  much  more  detailed  information  on  the  frequency  spectra 
of  these  waves,  so  that  is  what  our  study  concentrated  on.  Exactly  what  part  of  frequency 
space  the  most  intense  waves  are  seen  can  help  decide  on  the  exact  generation  mechanism, 
and  throw’  further  light  on  whether  these  waves  can  cause  significant  particle  precipitation. 

The  global  features  of  the  electron  cyclotron  harmonic  (ECH)  emissions  detected  by 
CRRES  show  good  agreement  with  previous  studies.  Event  duration,  occurrence  frequency 
and  emission  intensity  are  consistent  with  past  observations  for  the  local  times  studied  (2230 
-  0730  MLT,  the  range  of  local  time  CRRES  covered  during  the  early  part  of  its  mission). 
The  most  intense  emissions  are  confined  to  within  3°  or  4°  of  the  magnetic  equator.  Strong 
equatorial  emissions  were  observed  every  time  CRRES  crossed  the  equator  outside  the  plas¬ 
masphere.  Off  the  equator  much  lower  intensity  emissions  were  observed  on  95%  of  all 
orbits,  and  for  the  remaining  orbits  probably  CRR  ES  remained  within  the  plasmasphere  for 
the  whole  orbit.  A  detailed  examination  of  the  high  time  resolution  spectrum  analyser  data 
for  two  specific  intervals  showed  that  the  waves  were  strongly  polarised  perpendicular  to 
the  magnetic  field.  When  both  near  and  off  equator  ECH  emissions  are  seen  on  the  same 
orbit,  the  same  relative  frequencies  (i.e.  frequencies  normalised  to  the  electron  cyclotron  fre¬ 
quency)  are  excited  both  on  and  off  the  equator.  The  difference  between  near  and  off  equator 
emissions  is  that  within  a  few  degrees  of  the  equator  a  subset  of  the  excited  frequencies  have 
much  larger  spectral  densities  that  the  others.  A  study  of  bandwidth  reflected  this.  Near 
equator  emissions  have  narrow  bandwidths  (usually  less  than  0.1  fcr ),  while  off  the  equator 
the  bandwidths  are  much  broader,  comparible  to  fce. 

A  statistical  study  of  the  normalised  emission  frequency  (p  =  f  / fee)  for  a  large  number  of 
ECH  events  showed  which  frequencies  are  most  amplified.  Near  the  equator  ECH  emissions 
are  almost  exclusively  in  the  upper  half  of  each  cyclotron  harmonic  interval,  i.e.  intense 
emissions  are  seen  at  p  =  n  +  x\  0.5  <  x  <  1,  and  the  most  intense  emissions  are  at 
frequencies  very  near  the  top  of  each  interval.  There  are  two  exceptions,  both  in  the  lowest 
frequency  harmonic  interval  (i.e.  1  <  p  <  2),  in  regions  of  higher  electron  number  density 
and  near  midnight. 

Comparing  our  results  to  earlier  work,  we  find,  based  on  bandwidth,  intensity  and  prox- 
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imity  to  the  magnetic  equator,  that  convective  growth  and  amplification  at  certain  fre¬ 
quencies  are  not  fully  addresed  by  Hubbard  and  Birmingham’s  [1978]  plasma  model  and 
classification  of  the  these  waves.  Using  the  calculations  of  Ashour-Abdalla  [1979]  and  the 
plasma  parameters  from  the  CRRES  data,  we  found  that  the  emissions  we  detect  are  likely 
to  be  convective  for  a  wide  range  of  nc/n/,.  Barbosa’s  [1985]  model  is  appropriate  for  ad¬ 
dressing  the  aspects  of  the  observed  spectrum  not  discussed  by  Hubbard  and  Birmingham. 
However  Barbosa’s  model  predicts  greatest  amplification  at  a  different  part  of  the  spectrum 
from  where  we  observe  the  highest  intensity  waves.  Since  this  model  addresses  what  are 
probably  the  remaining  issues  in  understanding  the  ECU  spectrum,  further  calculations  are 
needed  using  parameters  appropriate  to  this  region  of  the  magnet osphre.  and  tracing  the  ray 
paths  of  emissions  just  below  multiples  of  the  electron  cyclotron  harmonics. 

Principal  Reference 

Paranicas  C.,  W..I.  Hughes,  II. .1.  Singer,  and  R.R.  Anderson.  Banded  electrostatic  emissions 
observed  by  the  CRRES  plasma  wave  experiment,  submitted  to  ./.  Geophys.  Rf*. 

Other  References 

Ashour-Abdalla,  M.,  C.F.  Kennel  and  VV.  Fivesey,  A  parametric  study  of  electron  multihar¬ 
monic  instabilities  in  the  magnetosphere,  J.  Geophys.  Res..  8J,.  6540.  1979. 

Barbosa,  D.D.,  Electrostatic  Wave  Propagation  and  trapping  near  the  magnetic  equator. 
Ann.  Geophys.,  8,  63,  1985. 

Hubbard.  R.F.,  and  T.J.  Birmingham,  Electrostatic  emissions  between  electron  gyroharmon- 
ics  in  the  outer  magnetosphere,  ./.  Geophys.  Res.,  83,  4837.  1978. 
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III.  Consequences  of  Dawnside  Depletion  on  Auroral  Structure 

The  westward  gradient  and  curvature  drift  of  energetic  ions  in  the  tail  results  in  a 
depletion  of  plasma  on  convecting  flux  tubes  on  the  dawn  side  of  the  tail.  The  resulting 
cross-tail  gradients  in  plasma  pressure  generate  field  aligned  currents.  Many  of  the  routinely 
observed  features  of  the  auroral  zone  electric  field,  field  aligned  current  and  precipitation 
patterns  in  the  earth’s  ionosphere  can  be  understood  as  a  consequence  of  these  pressure 
gradients  and  currents.  The  currents  flow  out  of  the  ionosphere  in  the  middle  of  the  nightside 
auroral  zone  resulting  in  a  reversal  of  the  meridional  component  of  the  electric  field  known 
as  the  Harang  discontinuity  (Erickson  et  al.,  1991;  Liu  and  Rostoker,  1991).  The  field  aligned 
currents  feed  into  the  cross  tail  current  so  that  it  is  more  intense  on  the  dusk  side  than  on 
the  dawn  side  of  the  plasma  sheet.  This  effects  the  symmetery  of  the  entire  magnetospheric 
current  system,  in  particular  it  leads  to  an  asymmetry  in  the  region- 1  currents  that  map  to 
the  nightside  boundary  layer.  The  additional  duskside  cross-tail  current  must  close  within 
the  magnetospheric  current  system.  From  an  analysis  of  the  global  mapping  of  observed  field 
aligned  current  intensities  we  conclude  that  closure,  at  least  in  part,  via  downward  region-1 
current  on  the  dawn  side  of  the  tail  is  consistent  with  the  observations. 

A  more  detailed  study  of  the  characteristics  of  the  sources  of  field  aligned  current  on  the 
nightside  suggests  that  the  currents  produced  by  the  dawnside  depletion  effect  separate  the 
auroral  zone  into  two  regions  in  addition  to  the  regions  of  field  aligned  currents  that  map  to 
the  magnetospheric  boundary  layer  (region- 1)  and  those  that  map  to  the  inner  edge  of  the 
plasma  sheet  (region-2).  In  the  plasma  sheet  the  regions  are  distinguished  by  the  relative 
alignment  of  convection  flow  lines  and  contours  of  constant  flux  tube  content.  In  the  first 
region  these  two  sets  of  curves  are  approximately  orthogonal  to  each  other.  This  results  in 
a  region  of  relatively  uniform  field  aligned  current  generation.  In  the  second  region  the  two 
sets  of  curves  are  roughly  parallel.  As  the  relative  orientation  of  these  lines  controls  whether 
the  field  aligned  current  flows  into  or  out  of  the  ionosphere,  small  variations  in  either  the 
electric  field  pattern  (brought  about  by,  say,  variations  in  ionospheric  conductivity),  or  in 
flux  tube  content  (brought  about  by  differing  histories  of  neighboring  flux  tubes  and  time 
variations  in  the  solar  wind  and  IMF),  will  cause  significant  differences  in  the  local  field 
aligned  current. 

At  low  altitudes  the  first  region  includes  the  Harang  discontinuity  and  the  main  auroral 
zone  poleward  and  eastward  of  the  Harang  discontinuity  (but  equatorward  of  the  boundary 
layer).  This  region  is  characterised  by  upward  field  aligned  current  and  the  associated 
acceleration  and  precipitation  of  electrons,  which  is  relatively  free  of  small  scale  structure. 
At  its  equatorward  boundary  this  region  merges  smoothly  with  the  region  of  upward  region- 
2  currents  on  the  dawnside  of  the  Harang  discontinuity.  The  other  region  is  westward  and 
equatorward  of  the  Harang  discontinuity  and  contains  the  main  premidnight  and  duskside 
auroral  zone  between  the  downward  region-2  currents  and  the  boundary  layer.  This  region 
also  has  a  net  upward  current.  However  in  contrast  to  the  other  region,  this  region  is  sensitive 
to  small  perturbations  in  the  plasma  sheet  populations;  small  scale  structures  in  plasma  sheet 
flux  tube  content  produce  complex  patterns  of  alternating  regions  of  upward  and  downward 
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current.  So  at  low  altitudes  this  region  is  characterised  by  complex  small  scale  structures 
such  as  small  scale  arcs  and  invertcd-V’s. 

We  have  completed  an  initial  study  of  low  altitude  data  from  DE-2  and  DMSP  to  see  if 
this  structure  is  apparent.  The  data  shows  that  these  different  regions  can  be  distinguished 
in  the  field  and  particle  data.  In  the  evening  and  midnight  sectors  relatively  uniform  par¬ 
ticle  distributions  are  seen  poleward  of  the  electric  field  reversal,  but  equatorward  of  this 
boundary,  the  electron  spectra  and  field  patterns  show  much  more  structure.  The  inner 
part  of  the  plasma  sheet  is  a  critical  region  for  the  onset  of  substorms.  The  implications  of 
this  dawn/dusk  asymmetry  in  the  inner  plasma  sheet  on  location  and  timing  of  substorm 
initiation  is  the  subject  of  our  next  inquiry. 

Principal  References 

Erickson,  G.M.,  The  physics  of  the  Ilarang  discontinuity,  2.  Consequences  of  dawnside  de¬ 
pletion,  J.  Geophys.  Res.  (in  press),  1992. 

Other  References 

Erickson,  G.M.,  R.W.  Spiro,  and  R.A.  Wolf,  The  physics  of  the  Harang  discontinuity.  ■). 
Geophys.  Res.,  96,  1467,  1991. 

Liu,  W.W.,  and  G.  Rostoker,  Effects  of  dawn-dusk  pressure  asymmetry  on  convection  in  the 
central  plasma  sheet,  J.  Geophys.  Res.,  96,  11501,  1991. 


5 


IV.  ULF  Waves  Excited  by  Storm  Sudden  Commencements. 

One  of  the  difficulties  with  studying  ULF  waves  is  that  often  the  exact  source  of  energy 
that  excited  the  wave  is  not  clear.  Such  is  not  the  case  for  those  waves  that  immediately 
follow  a  storm  sudden  commencement  (SSC)  as  these  waves  are  generated  as  a  result  of  the 
sudden  deformation  of  the  magnetosphere  brought  about  by  an  interplanary  shock.  These 
waves  provide  an  opportunity  to  study  how  a  broad  band  impulse  such  as  an  SSC  is  converted 
into  relatively  narrow  band  waves.  A  crucial  question  is  whether  fast  mode  resonances  of  the 
entire  magnetospheric  cavity  (cavity  modes)  play  an  intermediate  role  in  feeding  energy  into 
the  field  line  resonant  oscillations  observed.  We  began  our  study  of  SSC-excited  ULF  waves 
using  CRRES  data  with  a  case  study,  choosing  the  waves  seen  immediately  after  the  SSC 
that  preceded  the  geomagnetic  storm  of  26  August  1991.  This  case  study  will  be  followed  by 
a  statisical  study  of  the  waves  observed  following  the  approximately  50  SSC’s  that  occured 
during  the  CRRES  mission. 

ULF  waves  were  observed  for  the  whole  90  minute  interval  between  the  SSC  at  0535  l  T 
on  August  26,  and  the  main  phase  of  the  storm  that  followed.  The  waves  clearly  break  into 
three  segments  each  of  about  30  min.  During  each  of  these  segments  the  wave  frequencies  are 
relatively  constant,  but  the  frequencies  change  between  intervals.  The  first  interval  consists 
of  toroidal  waves.  These  seem  to  be  directly  driven  by  the  SSC  shock  wave  passing  over  the 
magnetopause,  as  we  could  find  no  evidence  of  cavity  waves.  During  this  interval  two  sets  of 
field  line  resonant  harmonics  are  apparent  as  families  of  peaks  in  the  wave  spectra,  one  set 
more  intense  than  the  other.  We  conclude  that  discrete  field  line  resonant  harmonics  were 
excited  on  two  flux  tubes  that  had  different  eigenfrequencies,  both  in  the  vicinity  of  CRRES. 
and  that  the  satellite  was  near  enough  to  both  flux  tubes  to  sense  both  sets  of  harmonic 
frequencies.  A  ^rcnd  interval  cf  harmonic  waves  with  a  slightly  different  set  of  frequencies 
was  observed  during  the  next  half  hour.  In  contrast  to  the  first  set,  these  were  accompanied 
by  compressional  oscillations.  These  could  either  be  the  result  of  a  cavity  oscillation,  or  be 
waves  internally  generated  by  a  mirror  or  similar  instability  of  the  trapped  energetic  particle 
population  that  was  was  made  unstable  by  being  compressed  by  the  SSC.  However  the 
frequency  of  the  compressional  waves  is  consistent  with  the  theoricallv  computed  frequency 
of  the  cavity  mode,  which  adds  credence  to  that  explanation. 

The  most  interesting  result  from  this  case  study  is  the  simultaneous  observation  of  two 
sets  of  harmonics,  which  poses  the  question  of  what  determines  which  flux  tubes  can  support 
field  line  resonances.  Cavity  modes  provide  a  simple  explanation  of  this,  as  only  those  flux 
tubes  that  have  eigenfrequencies  that  match  the  cavity  mode  eigenfrequencies  will  be  excited. 
But  in  this  case  there  was  no  evidence  of  a  cavity  mode.  Our  next  task  is  to  see  whether  this 
example  is  typical  of  the  many  examples  of  SSC-excited  ULF  waves  in  the  CRRES  data. 

Principal  Reference 

Ludlow,  C.K.,  W.,I.  Hughes  and  H..L  Singer,  CRRES  Observations  of  SSC  Excited  ULF 
Waves  1:  Case  Study,  to  be  submitted  to  J.  Gcophys.  Hen. 
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V.  Probing  Plasma  Structure  Using  Field  Line  Resonances. 

Shear  mode  Alfven  waves  propagate  strictly  along  magnetic  field  lines.  On  the  dayside 
of  the  earth,  the  highly  conducting  ionospheres  at  either  end  of  a  field  line  act  as  excellent  re¬ 
flectors  of  shear  mode  Alfven  waves,  with  the  result  that  a  field  line  becomes  a  1 -dimensional 
resonant  cavity  that  can  support  waves  at  a  family  of  resonant  frequencies.  There  is  presum¬ 
ably  sufficient  broad  band  noise  in  the  magnetosphere  to  continually  excite  these  harmonic 
resonances  as  it  is  not  unusual  for  a  spacecraft  to  see  a  field  line  resonating  at  several  of 
its  resonant  harmonics.  CRRES  regularly  observes  multiple  harmonics  of  resonant  field  line 
oscillations,  especially  on  the  dayside.  These  appear  on  orbit  time-frequency  spectrograms 
made  from  the  flux  gate  magnetometer  data  as  characteristic  families  of  dish  shaped  curves. 
This  is  the  result  of  the  harmonic  frequencies  decreasing  during  the  first  half  of  the  orbit  as 
CRRES  moves  to  longer  field  lines  with  lower  resonant  frequencies  until  it  reaches  apogee 
and  then  increasing  as  CRRES  moves  back  across  increasingly  shorter  field  lines. 

The  frequencies  of  resonant  hvdromagnetic  oscillations  of  a  field  line  are  sensitive  to 
the  distribution  of  plasma  mass  density  along  the  entire  flux  tube.  Using  a  model  in  which 
plasma  mass  density,  p ,  was  distributed  along  the  field  line  as  p  =  po(n)/r)m  where  /  is 
the  geocentric  distance  to  a  point  on  the  field  line,  Cummings  et  al.  [  1 960]  calculated  how 
the  eigen  frequencies  depend  on  the  mass  distribution.  We  have  shown  that  it  is  possible 
to  use  their  calculations  and  the  values  of  the  resonant  frequencies  observed  bv  CRRES  to 
deduce  the  equatorial  mass  density,  po,  and  the  mass  distribution  index,  m,  of  the  flux  tubes 
CRRES  crosses  on  its  or  bit.  By  combining  this  result  with  the  total  electron  number  density 
deduced  from  the  upper  hybrid  frequency  observed  by  the  plasma  wave  instrument,  we  can 
also  obtain  the  mean  ion  mass  for  that  field  line,  and  hence  obtain  an  indication  of  the  ionic 
composition  of  the  plasma. 

We  have  tried  this  technique  on  about  6  orbits  from  both  the  local  morning  and  evening 
sectors.  In  general  the  index  m  is  well  determined  with  an  uncertainty  of  about  ±1.  We 
found  that  values  of  the  index  m  vary  from  1  or  0,  indicating  a  near  constant  density  along  a 
flux  tube,  to  5  or  6,  indicating  a  flux  tube  with  a  very  low  relative  density  in  the  equatorial 
region.  We  suspect  that  this  index  provides  an  indication  of  how  long  a  flux  tube  has  been 
closed.  The  longer  a  flux  tube  is  closed  the  closer  its  plasma  content  will  get  to  equilibrium 
with  the  ionospheric  plasma.  Values  of  m  can  vary  over  short  distances,  suggesting  that  the 
spacecraft  is  moving  from  one  plasma  regime  to  another.  We  also  find  that  the  mean  ion 
mass  can  vary  from  just  greater  than  1  (indicating  a  nearly  pure  hydrogen  plasma)  to  about 
4  (indicating  a  high  proportion  of  heavier  ions,  presumably  ionospheric  0+). 

We  now  plan  to  make  use  of  this  technique  to  map  out  the  various  plasma  regimes 
through  which  CRRES  passes  on  its  orbit.  This  technique  should  be  especially  useful  to 
study  the  complex  distribution  of  plasma  regimes  seen  near  dusk,  where  corotation  and 
convection  flows  compete  producing  a  stagnation  region.  Regions  of  dense  plasma  separated 
from  the  plasmasphcre  are  frequently  seen  in  this  vicinity,  and  on  a  single  orbit  CRRES 
will  pass  in  and  out  of  regions  of  quite  different  plasma  densities  (as  deduced  from  the 
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plasma  wave  instrument).  Comparing  the  plasma  characteristics  of  these  regions  to  those 
of  neighboring  flux  tubes  and  to  the  nearby  plasmasphere  should  help  us  understand  their 
history  and  origin. 

Principal  Reference 

Hughes,  W.J.,  H.J.  Singer,  and  R.R  Anderson,  Field  aligned  plasma  distributions  derived 
from  ULF  field  line  resonant  oscillations,  to  be  submitted  to  J.  Geophys.  Res. 

Other  References 

Cummings,  W.D.,  R.J.  O’Sullivan  and  P.J.  Coleman,  Jr.,  Standing  Alfven  waves  in  the 
magnetosphere,  J.  Geophys.  Res.,  74,  778,  1969. 
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